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Abstract 
 
A dynamic one-dimensional homogeneous model for multiple bed Sorption Enhanced Water Gas Shift (SEWGS) 
system has been developed in this work. The SEWGS system under consideration is based on a Pressure Swing 
Adsorption (PSA) process which operates in a cyclic manner. During the reaction/adsorption step, CO2 produced by 
Water Gas Shift (WGS) reaction is simultaneously adsorbed on a highly CO2-selective solid adsorbent and removed 
from the gas phase, enhancing the WGS reaction toward higher reaction conversion and hydrogen production. The 
periodic adsorption and desorption of CO2 is induced by a pressure swing cycle, and the cyclic capacity can be 
amplified by purging with steam. Simulation results enable tracking the operation of the system over sequence of 
steps. As it is expected, high levels of CO conversion and CO2 capture ratio are achieved by enhancing the 
equilibrium reaction of WGS with adsorbents. Moreover there is no need to reheat the hydrogen product before it 
enters the gas turbine due to operability of SEWGS system at high temperature of approximately 400°C. Hydrogen 
production undergoes repeating fluctuations over cycle time which is associated with using part of the H2 product 
for repressurization step.  
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Nomenclature 
t  Total void fraction of reactor bed (total gas volume/reactor volume) (m
3 gas/m3 reactor)  
ic            Gas-phase concentration of component i in gas mixture (mol i/m
3 gas) 
u            Superficial gas velocity (m/s) 
axD         Molecular diffusion coefficient (m
2/s) 
iy           Gas-phase gas molar fraction of component i [-] 
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,b cat      Catalyst bulk density in reactor bed (kg catalyst/m
3 reactor) 
,b ads     Adsorbent bulk density in reactor bed (kg adsorbent/m3 reactor) 
,p gasC    Gas-phase molar specific heat capacity at constant pressure (J/ (mol gas.K)) 
,p catC     Catalyst specific heat capacity at constant pressure (J/ (kg catalyst.K)) 
2CO
q       Adsorbent loading of CO2 (mol CO2 adsorbed/kg adsorbent) 
2
*
COq       Equilibrium adsorbent loading of CO2 (mol CO2 adsorbed/kg adsorbent) 
LDFk      LDF mass transfer coefficient (1/s) 
i           Catalyst efficiency for component i (-) 
c            Total gas-phase concentration (mol gas/m3 gas) 
r            Reaction rate of forward WGS reaction (mol/kg catalyst.s)) 
,p adsC    Adsorbent specific heat capacity at constant pressure (J/ (kg adsorbent K)) 
zk           Effective axial, thermal conductivity (W/ (m
2K) 
2,ads CO
h Isosteric heat of adsorption of CO2 (J/mol CO2 adsorbed) 
ih            Enthalpy of component i at temperature T (J/mol i) 
wallT        Temperature of reactor wall (K) 
T           Temperature (K) 
U           Overall bed-to-wall heat transfer coefficient (W/ (m2K)) 
td           Internal diameter of reactor (m) 
           Gas-phase dynamic viscosity (Pa. s) 
s           Shape factor of the catalyst and adsorbent particles [-] 
b           Void fraction of reactor bed (inter particle gas volume/reactor volume)(m
3 gas in bed/m3 reactor) 
pd        Catalyst and adsorbent particle diameter (m) 
gas          Gas-phase density (kg gas/m
3) 
SEWGS Sorption Enhanced Water Gas Shift 
PSA       Pressure Swing Adsorption 
IGCC     Integrated Gasification Combined Cycle 
F            Feed step 
R            Rinse step 
RP         Repressurization step 
D           Depressurization step 
P            Purge step 
Eq, REq Pressure equalization and re-equalization steps 
M           Mixer 
V           Valve 
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1. Introduction 
   Solid sorbents for pre-combustion CO2 capture as high temperature operating technologies has attracted 
significant attentions lately. One of the newly developed concepts using solid sorbents for pre-combustion 
CO2 capture is so called Sorption Enhanced Water Gas Shift (SEWGS) system. It incorporates both 
Water Gas Shift (WGS) reaction and CO2 adsorption in a single unit and eliminates any further 
downstream CO2 capture process.  A single SEWGS reactor is in fact a batch unit operation, however by 
using several SEWGS reactors operating in parallel, one or more being fed syngas and capturing CO2; 
while the other CO2-saturated reactors are being regenerated based on PSA process. The total SEWGS 
system is able to operate in a semi-continuous process. It means that the effluent gas from SEWGS 
contains a H2-rich product stream which is fed continuously to gas turbine and a CO2-rich stream which is 
transferred for compression and storage. In the present work, a multiple bed SEWGS system operating 
based on a PSA process has been considered. A mathematical model describing the system is developed 
and the simulation results are discussed.  
2. PSA-based SEWGS system 
   The SEWGS system configuration used in the present work is based on a work by Wright et.al. [1]. As 
it is shown in Fig.1, it consists of a sequence of steps. The first step is a feed step (step F) in which WGS 
reaction and CO2 adsorption take place at high temperature and pressure. It is followed by a rinse step 
(step R) to remove some of the residual H2 by passing high-pressure steam through the reactor. According 
to the concept of a PSA process, the desorption of CO2 is carried out by lowering the pressure in the 
reactor down to atmospheric pressure in a series of steps called equalizations (steps Eq1, Eq2, Eq3). 
Fig.1. SEWGS cycle operation schedule; countercurrent high pressure steam for Rinse step and low pressure steam 
for purge step 
 
   This is done by connecting the reactor to another reactor whose pressure is to be increased after the CO2 
has been removed which is called REqualization. The purpose of this connection is to lower the energy 
consumption associated with increasing the pressure in the reactor [1]. Then there is a final 
depressurization (step D) to approximately atmospheric pressure, and followed by a purge step (step P) 
where a low-pressure steam is passed through the reactor to desorb CO2 and regenerate the adsorbent. 
Then repressurization steps are initiated (steps REq3, REq2, REq1) in equalization with other reactor 
2296   Bita Najmi et al. /  Energy Procedia  37 ( 2013 )  2293– 2302 
which is to be depressurized [1]. Finally some of the effluent gas from other reactors which contains close 
to no CO2 is used to bring the reactor pressure up to the feed step pressure. This is the final 
repressurization step (RP) and the reactor condition is prepared for accepting feed gas and starting a new 
cycle. The main reason for using high pressure steam for rinse step and low pressure steam for purge step, 
is to enable a high degree of integration of SEWGS system into an IGCC power plant, where both high 
pressure and low pressure steam is available from the steam cycle; However, there should be always a 
limit for steam consumption by SEWGS system to avoid significant efficiency drop for steam turbine and 
make the SEWGS system a competitive technology with other pre-combustion CO2 capture 
technologies.[1]. 
To be able to integrate the SEWGS system into an IGCC power plant, the operating condition of the 
system should be compatible with those of power plants. Calculations for the current SEWGS system 
were made based on European Benchmarking Task Force (EBTF) [2]. 
3. SEWGS system design and modeling approach 
   The SEWGS system considered in this work consists of 10 trains; each train incorporates 8 individual 
reactors working in parallel. The mathematical model for dynamic simulation of the entire SEWGS 
system is achieved by developing mass, energy and momentum balance equations for individual reactors 
in the system. Appropriate initial and boundary conditions for all the steps taking place in sequence are 
determined. Syngas as one of the feed streams to the system is defined to be the syngas from the gasifier 
used in the reference case [2]. Each reactor vessel is packed with a mixture of high-temperature FeCr-
based WGS catalyst pellets and K2CO3-promoted Hydrotalcite CO2 adsorbent which has been found to be 
suitable for adsorption of CO2 at high temperatures such as 400°C and proper for using in SEWGS 
reactors [3, 4]. WGS reaction kinetic model proposed by Hla et al. [5] and modified Langmuir isotherm 
for the equilibrium adsorption capacity of CO2 as proposed by Lee et al. [6] was used in this work. Fig.2 
defines the system border for one SEWGS train, with the relevant streams going in and out of the train. 
The stream CO2 Product 1  comes from the reactor in the purge step, while the stream CO2 Product 2  
is from the reactor in the depressurization step. Moreover Feed 1  and Feed 2  refer to syngas stream 
which enters each of the two vessels working in the feed step at the same time according to cycle 
operation schedule presented in Fig.1. HP steam 1  and HP steam 2  are high pressure steam which is 
added to the  and eed 2  respectively. HP steam R  is the high pressure steam used for the 
LP steam  is a low pressure steam used in the Purge step. H2 product  represents the 
H2-rich stream.  
 
 
 
Fig.2. SEWGS system flow diagram 
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According to the cycle operating schedule shown in Fig.1, system of 8 reactors in each train can be in 16 
different states which are referred to as cycle state 1 through 16. However among these 16 cycle states,  
There are only 2 fundamentally different states that the system switches between, referred to as system 
states. Fig.3 shows the flow directions and interconnections between the vessels for two different system 
states 1 and 2. 
 
 
Fig.3. System state 1(left), 2(right), external streams referred to Fig.2 
3.1. Components mass balance  
The components mass balance in the reactor in the axial domain 0,z L can be formulated as follows, 
adapted from [7, 8], assuming that each reactor vessel comprises the following five components: CO2, H2, 
CO, H2O and N2  
22 2 2
2, ,
COCO CO CO
t ax b cat CO b ads
ucc y q
cD r
t z z z t
 
,
ii i
t ax b cat i
ucc ycD r
t z z z
        2 2 2, , ,i H CO H O N  
3.2. Total mass balance 
The total mass balance in the axial domain 0,z L can be formulated as follows [9] 
2
, ,
CO
t b cat i b ads
qucc r
t z t
 
3.3. Energy balance 
The energy balance in the axial domain 0,z L can be formulated as follows [7, 10] 
2
2
, , , , , ,
, , ,
4
p gas t b cat p cat b ads p ads z p gas
CO
b cat i i b ads ads CO wall
i t
T T TcC C C k cC u
t z z z
q Uh r h T T
t d
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3.4. Momentum balance 
For the momentum balance, the Ergun equation, which describes pressure drop in a packed bed column, 
is used for the whole axial domain 0,z L this can be formulated as 
2
2 3 2 3
1 1
150 1.75s b s b gas
p b p b
p u u u
z d d
 
3.5. Adsorption kinetics 
Linear Driving Force (LDF) model for adsorbent loading has been used to account for mass transfer 
limitations in the adsorbent. The adsorption rate of CO2 in the whole axial domain 0,z L can be 
formulated as follows: [6, 7] 
2
2 2
*CO
LDF CO CO
q
k q q
t
 
Boundary conditions for concurrent feed flow are presented in table 1. They are based on the boundary 
conditions proposed by Danckwerts [11] 
Table1. Boundary conditions for the concurrent feed step (F) 
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4. Results and discussion 
 
   The mathematical model developed for the system was implemented in gPROMS, process modelling 
software developed by Process Systems Interprise Ltd., and the operating schedule for running the system 
based on the defined cycle configuration in Fig.1 was utilized. One of the main objectives of the SEWGS 
system in addition to CO2 capture is to convert feed syngas into product stream consisting of combustible 
H2 which should be sent to Power Island for power production. Table 2 shows the average mole fractions 
in H2 product stream, referred to Fig.2. According to this table the H2 purity in the H2 product stream is 
approximately 81% on dry basis. Average mole fractions in the H2 rich stream in the reference case has 
been shown in table 3 for comparison. The H2 purity in the reference case is approximately 90% on dry 
basis. It shows that the SEWGS system with current design and configuration produces a H2 rich stream 
with less purity than the reference case. The impurities are mostly steam and N2. CO and CO2 contents 
are well below than that of the reference case. The average temperature and pressure of the H2 product 
stream from the simulation results is approximately 400°C and 27 bar respectively. 
,
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Table2. Average mole fractions in H2 product                         Table3. Average mole fractions in H2 rich stream,  
Stream referred to Fig.2                                                               IGCC reference case [2]  
 
Mol-% CO2          0.184 
 Mol-% H2            51.4 
Mol-% CO            0.0281 
Mol-% H2O          36.4 
Mol-% N2             12.0 
 
 
As it is seen in Fig.2, the other streams coming out of the SEWGS system are CO2 product 1 and 2. It is 
of interest to calculate the CO2 capture ratio for the SEWGS system under consideration. It can be 
expressed by the amount going out through the CO2 product streams divided by the total amount of CO2 
and CO that have gone into the system over the simulation time. Based on the simulation results the 
capture ratio is calculated approximately 94%. This capture ratio is comparable to results from SEWGS 
modeling and experimental studies in the literature, such as the previously mentioned study by Wright et 
al. [1], which states a capture ratio of 95 %. In another work by Wright et al. [12]; a capture ratio of 92.3 
% is calculated.  
   Moreover simulation results show that in the beginning of the reactor, where the reaction rate is high, a 
temperature increase of approximately 200K takes place. It has been shown in Fig.4. The reason is that 
compared to previous works there is no WGS reactor upstream of the SEWGS system for bulk conversion 
of CO to CO2 which is slightly exothermic reaction and develops heat. With this high temperature spike 
the catalysts in that region may be destroyed. The maximum operating temperature reported for the FeCr-
based catalyst is around773 K [13] and for K-HTC is around 800 K [14]. One of the options to avoid the 
hot spots is to place a WGS WGS reactor upstream of the SEWGS system as it has been observed in the 
literature [1, 12]; However it has not been considered whether it is economically advantageous or not. 
Further investigation in this regard is required. 
 
 
 
 
 
Fig.4. Temperature profile T (K) in reactor 1, as a function of time t (s) and axial position z (m) 
 
Mol-% CO2               3.20 
Mol-% H2                 85.64 
Mol-% CO                 2.66 
Mol-% H2O              0.05 
Mol-% N2                 8.41 
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Fig. 5.Total flowrate (mol/s) of H2 product stream, referred to Fig.2 
 
Fig.5 shows the total flowrate of H2 product stream which leaves the SEWGS system. As it can be seen 
from the figure there are fluctuations in the production over the time which is described according to the 
operation of different cycle states shown in Fig.3. Two reactors in each train are operating in the feed step 
at the same time and producing hydrogen. When system state 2 occurs, part of the hydrogen product as it 
is shown in Fig.3 is used to repressurise the vessel up to feed step pressure and reduction in hydrogen 
product flowrate happens until the pressure in the repressurized vessel reaches the feed pressure. 
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Typically the amount of maximum allowed fluctuation in hydrogen production rate is determined by gas 
turbine fuel load and pressure constraints. Further work on this matter is yet to be completed and if it is 
required, any possible solution for product fluctuation will be considered. 
   Fig.6 shows the behavior of reactor one as an example of an individual reactor in the system at key 
points in time. The top left graph shows the mole fractions in the reactor at the end of step F. As it can be 
seen from the figure CO2 front has travelled along the reactor and due to the conversion of CO to CO2, 
there is almost no CO left in the reactor at the outlet. Hydrogen is produced during step F. The top right 
graph shows the mole fractions at the end of step R. it is visible that steam has been sent to the reactor and 
pushed out some of the residual gas in the reactor. 
blown out of the reactor. The remaining components in the gas phase will be further sent out of the 
reactor during Equalization steps and transferred to other reactors. It can be seen from bottom left graph 
which shows the mole fractions at the end of step Eq3. Finally the mole fractions at the end of step P are 
shown in the bottom right graph. Purge steam is coming into the reactor counter-currently and drives out 
desorbed CO2.  
 
 
 
Fig.6. Mole fractions along the reactor one at the end of step F (top left); end of step R (top right); end of step Eq3 
(bottom left); end of step P (bottom right) 
 
5. Conclusion  
 
   The results obtained from the simulation of the SEWGS system confirm the physical mechanism and 
qualitative trend expected for a SEWGS system. The system operates as it is intended, fulfilling its 
primary objective of converting carbon-rich syngas into a hydrogen-rich combustible gas mixture. The 
secondary objective is also achieved, capturing CO2 and bringing this out of the system in a gas stream 
containing mostly CO2 and steam. However, significant variations were observed in hydrogen product 
flow rate. It is desirable to have as much close to constant production of hydrogen as possible, in 
particular when the hydrogen product is being fed to a gas turbine which is designed to handle a limited 
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range of pressure variations. One possibility to lower H2 production fluctuations is to run different trains 
at different times in a way to achieve a smooth production rate out of the entire system. Other possibilities 
can be changing cycle configuration or using feed gas for repressurization which all need to be further 
investigated. Moreover, with no upstream WGS reactor, hot spots were made due to the WGS exothermic 
reaction. It proves the need for a WGS reactor, upstream the SEWGS system, if it is economically 
advantageous as well or any other solution which avoid formation of temperature spikes.  
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